INTRODUCTION
The compound Yb 14 MnSb 11 is a p-type thermoelectric (TE) material 1 of interest to National Aeronautics and Space Administration (NASA) as a candidate replacement for the state-of-the-art Si-Ge used in current radioisotope thermoelectric generators (RTGs). Yb 14 MnSb 11 shows the potential to double the value of the thermoelectric figure of merit (zT) over that of Si-Ge at 1000°C 1, 2 and has received significant attention in recent years. [1] [2] [3] [4] However, the sublimation rate of Yb 14 MnSb 11 at 1000°C could be problematic. The calculated vapor pressures at 1000°C for pure Yb and Sb are 2.2 9 10 À1 atm and 2.8 9 10
À1 atm, respectively, whereas in comparison, the vapor pressures for pure Si and Ge are 0.18 9 10 À10 atm and 5.0 9 10 À10 atm. 5 The vapor pressure for pure Mn is intermediate to Ge and Sb at 2.4 9 10 À5 atm. 5 [Where more than one vapor species is predicted (e.g., Sb 2 , Sb 3 , Sb 4 ), the sum of the pressures for all species of that element is given.] Although unit activities have been assumed in these calculations and the actual activity of each element in the compound could be significantly lower, these calculations indicate the potential for high vapor pressures for Yb-Mn-Sb compounds. Since the sublimation rate is proportional to the vapor pressure according to the Hertz-Knudsen-Langmuir equation, 6 the high vapor pressures of the pure elements suggest the possibility of a high sublimation rate for the compound. Since Si-Ge alloys require a thin Si 3 N 4 coating to suppress sublimation, primarily of the Ge, One of the simplest coatings, whether for sublimation or oxidation protection, is to selectively oxidize a component in an alloy to form an oxide layer. This process is used routinely for protection of gasturbine components in aero engines operating in oxidizing environments. 11, 12 Thin Al 2 O 3 , and sometimes Cr 2 O 3 or SiO 2 layers grow on the surface to reduce the oxidation rate and thereby protect the component. Qualities of a protective oxide scale are that it must be slow growing, fully cover the surface, and be adherent, especially in applications where thermal cycling occurs, which tends to crack or spall the oxide layer due to thermal expansion mismatch. Since the oxide scale is grown on the surface, it is thermodynamically stable with the substrate when maintained at the same temperature (i.e., it does not react or form other compounds, although an oxide layer may continue to grow thicker with time in the presence of oxygen). The second purpose of this study is to examine thin, in situ oxide coatings for sublimation suppression. Results with thin metallic and oxide coatings will be presented in a future paper.
EXPERIMENTAL PROCEDURES
Yb 14 MnSb 11 was fabricated at JPL by hot pressing ball-milled powders. 10 Short rods (/ = 12 mm) of Yb 14 MnSb 11 were provided by JPL to the NASA Glenn Research Center (GRC) for evaluation. These rods were sectioned into thin disks approximately 1.5 mm thick. The faces and edges of the disks were polished through 4000 grit SiC paper. To extend the limited supply of material, these disks were cut into quarters. All samples were cleaned in acetone and ethanol before testing. The surface area and weight of the Yb 14 MnSb 11 samples were measured before each test. The weight loss divided by the exposure time and exposed surface area provided the sublimation rate. Since each piece was hand cut and polished, the accuracy of the surface area measurements ($X cm 2 ), and therefore the sublimation rates, is estimated at ±10%. The quarter disk Yb 14 MnSb 11 samples were laid flat in a high-purity alumina boat. Furnace testing at 1000°C (±2°C) was performed in a horizontal tube furnace for 24 h to 168 h using two test configurations.
Initially, Yb 14 MnSb 11 samples were encapsulated in long, evacuated, and sealed quartz tubes to enable a continuous cycle of sublimation from the hot sample and condensation onto the cool sections of the quartz tube during the test (static vacuum test). The quartz tube was approximately 2.5 cm outer diameter (OD) and 76 cm to 101 cm long. To prevent the Yb vapor from reacting with and reducing the SiO 2 in the quartz tubes, an inner, closed-end alumina tube was placed as an inner sleeve inside the quartz tube. The quartz tube with the samples was evacuated to pressure of typically 5 9 10 À4 Pa to 8 9 10 À4 Pa (4 9 10 À6 Torr to 6 9 10 À6 Torr) prior to sealing. In a second configuration, the closed-end quartz tube extending into the horizontal furnace remained connected with a continuously running turbopump (dynamic vacuum test). Again, the sublimate deposited on the cool walls of the tube extending outside of the furnace. For most of the dynamic vacuum tests, larger 5.0-cm-OD closed-end quartz tubes were used with 3.4-cm-OD closed-end, inner alumina tubes. After an initial deterioration in the vacuum during heating, pressures in the tube during the dynamic vacuum tests were similar to those for the static vacuum tests.
Tests in both configurations were performed both with and without a coiled Zr foil to act as an oxygen getter. The coiled Zr foil was placed in the alumina tube approximately 1 cm from the alumina boat holding the Yb 14 MnSb 11 samples. Since the vapor pressure of pure Zr at 1000°C is more than 16 orders of magnitude less than that of Yb or Sb, 5 it was not expected that any Zr would sublime or react in any way with the Yb 14 MnSb 11 material. As expected, after testing, no Zr was ever found on the Yb 14 MnSb 11 samples, although Sb vapor was found to have deposited and reacted with the Zr foil.
Following testing, any oxide which formed on the surface of the samples was removed prior to weighing. All oxide encountered was loosely attached and easily removed by lightly brushing or using clean compressed air. X-ray diffraction was performed on this oxide and on the sample surface. After x-ray diffraction, samples were sectioned, vacuum mounted in epoxy, and polished. The polished cross-sections were examined optically, by scanning electron microscopy (SEM), and with energy-dispersive spectroscopy (EDS).
To evaluate in situ formed oxide coatings as sublimation barriers, oxide layers were grown on quarter disk samples in a horizontal tube furnace in either air or flowing Ar-5%H 2 . Sample surfaces were polished as for previous sublimation testing. The samples were laid flat in a high-purity alumina boat during oxidation. After it was found that oxidation in static air at 400°C yielded unacceptable thick, cracked, and spall-prone scales, subsequent oxidation producing thin, adherent scales was performed in flowing Ar-5%H 2 (100 sccm) at 350°C to 450°C for 2 h to 16 h. Following the growth of the oxide layer, the samples were evaluated in the dynamic vacuum test with Zr foil, as previously described.
RESULTS AND DISCUSSION

Sublimation Rates of Uncoated Yb 14 MnSb 11
The measured sublimation rates varied from 0.3 9 10 À3 g/cm 2 h to 3 9 10 À3 g/cm 2 h, as shown in Fig. 1 . These rates were in general agreement with that reported by JPL ($1 9 10 À3 g/cm 2 h). 10 For the static vacuum tests, the test which included the Zr foil showed a significantly higher sublimation rate (1.8 9 10
À3
) than for that without the foil (0.3 9 10 À3 g/cm 2 h). For the dynamic vacuum tests, the rate was only slightly higher with than without the Zr foil (3 9 10 À3 g/cm 2 h versus 2.8 9 10
À3 g/cm 2 h). After testing, all of the samples had some white, powdery oxide on the surface, which was identified by x-ray diffraction as Yb 2 O 3 . Samples after 168 h in the static vacuum test are shown in Fig. 2 . The sample without Zr foil had the most surface oxide, which included a dark, detached oxide layer above the white, powdery Yb 2 O 3 (Fig. 2a) . X-ray diffraction of both sides of this dark scale also indicated Yb 2 O 3 . Not surprisingly, this sample with the thickest oxide layer exhibited the lowest sublimation rate. Significant surface deformation associated with the loss of material was evident for the sample with the Zr foil which exhibited the higher sublimation rate (Fig. 2b) .
The polished cross-section of the static vacuum sample tested without Zr foil (Fig. 2a) is shown in Fig. 3 . Most obvious is the presence of a near-surface phase (Fig. 3b, c) . X-ray diffraction of the sample surface identified this layer as Yb 4 Sb 3 ( Fig. 4) with all other major peaks associated with Yb 2 O 3 . On the top surface, this Yb 4 Sb 3 layer was relatively thick ($50 lm) and contained numerous pores, many of which were filled with epoxy, indicating open connectivity with the surface (Fig. 3b) . However, on the side of the sample, the Yb 4 Sb 3 layer was about half as thick and without pores (Fig. 3c) .
The polished cross-section of the static vacuum sample tested with Zr foil (Fig. 2b) is shown in Fig. 5 . A thinner, near-surface layer of Yb 4 Sb 3 was evident on this sample (Fig. 5b) In Situ Growth of a Yb 2 O 3 Layer for Sublimation Suppression for Yb 14 MnSb 11 Thermoelectric Material for Space Power Applications It is obvious from Fig. 5 that massive material loss has occurred after only 168 h with the relatively high sublimation rate ($2 9 10 À3 g/cm 2 h). The initial thickness of this sample was 0.205 cm (2050 lm). Most of the remaining cross-section is approximately half or less of that original thickness. This high material loss demonstrates not only the need for a good sublimation suppression coating, but also that the coating must be nearly defect free without cracks or pin holes that would allow the Yb 14 MnSb 11 vapor to escape.
It appears likely that the thicker layer of oxide formed on the surface of the sample from the static vacuum test without the Zr foil was the cause for the lower sublimation rate of that sample. It is possible that the higher sublimation rates observed with the three other samples, which resulted in more rapid metal loss and higher surface recession rates, also resulted in the thinner Yb 4 Sb 3 layer. Similarly, the lower sublimation rate, and lower surface recession resulted in the thicker Yb 4 Sb 3 layer. The pores in this layer have the appearance of a type of Kirkendall porosity which forms as the result of unequal intrinsic diffusive fluxes. 13, 14 In this scenario, unequal flows of Yb and Sb towards, and Mn away from, the receding surface result in excess vacancies in the Yb 4 Sb 3 layer which can coalesce into pores. The presence of the pores in certain regions but not others is not understood but could be a function of the sublimation rate, thickness of any surface oxide, and amount of vacancy sources and sinks in the metal.
In Situ Growth of a Yb 2 O 3 Layer for Sublimation Suppression
A dense Yb 2 O 3 scale was intentionally grown on the surface of the Yb 14 MnSb 11 as a sublimation suppression layer. The free energy of formation of Yb 2 O 3 is much lower (more negative) than that for the oxides of either Mn or Sb, 5 making it possible to selectively oxidize the Yb to form a Yb 2 O 3 layer. This layer would have the benefit of thermodynamic stability with the substrate. However, this oxide layer would have to be more protective than the powdery Yb 2 O 3 previously found on the sample surface after sublimation testing at 1000°C. The first oxidation exposure for 4 h at 400°C in air resulted in a thick, cracked, nonadherent oxide scale, as shown in Fig. 6 . The extent of oxidation was decreased by oxidizing in flowing Ar-5%H 2 at 350°C for 16 h, at 400°C for 2 h, 4 h, and 16 h, and at 450°C for 2 h. Although no oxidation is predicted in the Ar-5%H 2 environment, there was sufficient oxygen present in the furnace system to form thin, transparent, adherent scales in all cases. The source of the oxygen was possibly water vapor adsorbed on the furnace tube walls. It is likely that the scales were amorphous, although this could not be determined with certainty because of the scale thickness.
Cross-sectional views of the oxide shown after oxidation in Ar-5%H 2 for 2 h, 4 h, and 16 h at 400°C are shown in Fig. 7 . Two layers are evident: a thinner, light-shaded outer layer (designated 1 in the 16 h sample) and a thicker, dark inner layer (designated 2). EDS analysis showed the outer layer (1) to be the expected Yb 2 O 3 . Comparison of the EDS spectra of the dark inner layer (Fig. 7b) with the Yb 14 MnSb 11 substrate (designated 3) shows the dark layer to be enriched in Sb but also higher in oxygen, suggesting that this layer could be a transient mixed oxide of Yb and Sb. The approximate thicknesses for the outer Yb 2 O 3 layer were 0.2 lm after 2 h, 0.3 lm after 4 h, and 0.4 lm after 16 h. This indicates subparabolic growth of the oxide layer and could be related to a fixed quantity of available oxygen in the furnace tube.
The oxidized samples were sublimation tested in a dynamic vacuum for 168 h at 1000°C with the Zr foil as an oxygen getter. After this testing, the oxide scale became relatively opaque, friable, and detached from the sample. The initial, transparent nature of the oxide is indicated in the image of the sample after oxidation but before testing in Fig. 8a . The lighter color of the opaque scale after testing is evident in Fig. 8b . The poor adhesion of the scale was demonstrated by applying and removing a piece of tape on the surface (Fig. 8c) . Under this loose oxide layer, the Yb 14 MnSb 11 surface was rough, indicating that significant sublimation had occurred. Cross-sectional examination of the near-surface region showed the rough surface with small pits as well as the presence of the near-surface Yb 4 Sb 3 layer, features indicating material loss by sublimation. It appears that the thin scale crystallized at the test temperature and became friable, with little bond to the surface, similar to the powdery Yb 2 O 3 which formed on the surface during testing of uncoated Yb 14 MnSb 11 . Consequently, thermally grown in situ Yb 2 O 3 layers, grown at low temperatures and at low oxygen pressures, although thin and adherent before testing, were not adherent or effective as sublimation barriers for Yb 14 MnSb 11 at 1000°C.
CONCLUSIONS
The sublimation rate of uncoated Yb 14 MnSb 11 was measured to be as high as 3 9 10 À3 g/cm 2 h in vacuum at 1000°C. While testing at 1000°C and pressures of 5 9 10 À4 Pa to 8 9 10 À4 Pa (4 9 10 À6 Torr to 6 9 10 À6 Torr), with or without Zr foil as an oxygen getter, Yb 2 O 3 formed on the surface of the Yb 14 MnSb 11 as a thin, white, powdery layer. Heavy formation of this oxide in a static vacuum without the Zr foil appeared to reduce the sublimation rate by about 89 over a light formation of the oxide after testing in a dynamic vacuum with Zr foil. For sublimation suppression, a thin, dense, adherent layer of Yb 2 O 3 was grown on the Yb 14 MnSb 11 at low temperatures and low oxygen pressures. However, this thin layer likely crystallized and became friable at the higher test temperature, debonded from the surface, and offered little protection against sublimation. Additional work with various metallic and ceramic coatings for sublimation suppression has been performed and will be reported in the future.
